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SECTION 1
[NTRODUCTION

A space based radar (SBR) that must search for and track targets
moving close to the earth's surface must be designed to discriminate be-
tween these targets and radar clutter caused by the undesired signal
returned from the earth. For targets that are very close to the earth,
clutter and target returns can appear at the same range in the radar re-
ceiver. 1f this condition occurs, an MTl or a pulse doppler radar may be
sed to discriminate on the basis of doppler measurements. However, since
the clutter return usually exceeds the target return by many orders of
magnitude, care must be taken during the coherent processing to avoid ef-
fects such as aliasing and spectral leakage. Thus an accurate simulation
of a space bhased radar must include an accurate model of land and sea
clutter in order to evaluate the performance of different coherent proces-
sing technigues.

The purpose of this report is to describe a clutter model inten-
Jed for implementation in a pulse doppler tracking radar simulation., A
standard approach to clutter modeling (e.g. Reference 1) involves division
of the ground area illuminated by the radar antenna into a number of
cells. A discrete scatterer of known cross section, amplitude, doppler
frequency and location is assigned to each cell to represent all returns
from a differential area element. These discrete scatterers or clutter
targets then enter a receiver simulation in the same way as returns from
any other target (e.g. an aircraft). Advantages of this approach are that
it is straightforward to implement and that it can be made increasingly
accurate by using a greater number of cells. Unfortunately, because of

the large area illuminated by an SBR, the large doppler extent, and the




Phalk 2]

A
Pl T T A A

resolution required, an unacceptably high number of clutter targets would
be required,

Here a second approach has been adopted. This technique con-
sists of modeling the clutter as a random process with mean power, mean
doppler, and doppler spread determined from experimental measurements and
from physical and geometrical quantities pertinent to the radar location,
look angle, beam pattern, etc. The above three quantities are used to de-
fine the clutter spectrum observed at a given radar range gate, and a sta-
tistical signal generation technique is employed to generate a realization
or sample function of the instantaneous clutter signal observed. This
method permits simple interpretation of results and reduces simulation
running time since only one target requires processing. The accuracy can
be increased with the level of detail of the analytic clutter model.




PO AR NS4 A WA Sk AL WA SLAE AL e balOAI R RO A SN A N AT ILI NN R

T

]

o e e a

N SECTION 2

MODEL ING APPROACH

The goal of this work is to provide a clutter model appropriate
to a high resolution pulse doppler SBR. It is desired that the model
provide realizations or sample functions of the clutter video; that is,
the model should provide the clutter voltage and phase as a function of
range gate for all the pulses of a coherent pulse train. It is convenient
to separate the clutter signal returned through the main beam of the
antenna from that returned through the antenna sidelobes. The footprint
on the earth's surface defined by the 3 dB contour of the two-way antenna
pattern defines the area that contributes to the main beam signal; the
remaining area contributes to the sidelobe signal. Of course the
illuminated areas are further limited by range gating, and ambiguous range
returns must be accounted for. These effects are discussed in Section 4.

D) e
[ R W

. Because of the fortunate statistics of the clutter signal
ja observed by the radar, it is possible to utilize a simple Fourier
| transform technique to generate realizations of the ¢lutter video signal
j: observed at a range gate. Given an analytical or numerical description of
the mean clutter spectrum, in this technique a realization or sample
N function of the clutter voltage is obtained by taking the discrete Fourier
. transform of a specified random sequence. The necessary mathematics and
. justification of this method are fully described in the Appendix. An
essential assumption is that the quadrature components of the clutter
voltage are uncorrelated Gaussian variates,

- In order to simplify the sea clutter model developed herein,
it is assumed that the clutter power spectrun is well represented as a
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Gaussian in frequency whose power and spectral spread may be computed on
the basis of the SBR-earth geometry with consideration of the illumination
and receiving pattern of the SBR antenna.

The clutter return has been found to be uncorrelated from one
burst waveform to another when the RF carrier frequency is changed by at
least the reciprical of the pulse width?. Since the normal mode of opera-
tion of an SBR is to change radar frequency between pulse trains, this de-
correlation property is retained here in the generation of the clutter for
successive pulse troins,

In practice, the mean clutter spectrum is obtained in the simu-
lation at the start of each dwell or coherent pulse train. It is assumed
that the geometry does not change during the coherent integration time
(dwell duration) so that the clutter spectrum is constant during this
period. For each dwell a sequence cof numbers is drawn from a random num-
ber generator and a realization of the clutter signal is generated as
described in the Appendix. Succeeding dwells are assumed to utilize a
different radar frequency and thus require a new sequence of random num-
bers to generate independent clutter signals. Thus, for each coherent
pulse train, the clutter signal at a particular range bin is determined

using a statistical signal generation techrique.

The above discussion applies to cliutter observed through the an-
tenna main beam as well as to clutter that enters the receiver through the
antenna sidelobes. In the case of sidelobe clutter, it will he shown that
a flat power spectrum is appropriate and only the clutter power is re-
quired. in addition, simpler signal generation techniques are feasible
that do not require Fourier tranforms,

Our discussion thus far has focused on modeling the signal in

a single range bin, When range tracking is performed, the signals in




several adjacent bins must be modeled and it is important to include the
effect of bin-to-bin correlation. For sea clutter, experimental data
reported over a wide range of pulse widths and carrier frequencies demon-
strates that the clutter returns decorrelate over a range displacement of
about one pulse length, when the range is measured in units of delay .
This is understood by reah‘zin'g that since many independent scatterers
contribute to sea clutter returns, the correlation for two returns separ-

' ated in range is approximately equal to the fraction of illuminated ground H B
area which is shared by the returns. For rectanqular pulses with low -
sidelobes, the correlation is trianqular and gqoes to zero at a range

displacement equal to a pulse length. 7Thus the sea clutter returns will '
. be uncorrelated for range bins separated hy more than a (compressed) pulse L .
lenagth.

In qeneral, the effects of ambient refraction are unimportant
I for the clutter model described here. Even for low altitude orbits the
. path lenqgth over whicn refraction occurs comprises a very small fraction
of the total satellite to earth path. Thus, the fractional change in
radar range is very small and will not significantly impact calculation of

K 7%

the illuminated areas or the radar ranqge equation. The largest effect is
an increase of clutter reflectivities that occurs with increasing grazing
anqla, This effect is important only for grizing angles less than a few

degrees; fortunately this range is outside that currently uynder considera-
' tion for SBR operation. [f SBR operation at very small grazing angles is ,
- to be included here, the calculation of grazing angles must be modified to

inciude deviations caused by refraction.

B St DM PR T

Sianal doppler effects are dependent on the earth's surface _Qq
rotatinnal v2locitv and this has been included in our formulation. First, :
for the sake of simplicity, we treat the doppler effects under the assumo-
tion of a non-rotating earth, later, the approach i1s extended to the case :
) of a rotating earth. In this regard the radar Jook angles are measured L
relative to the satellite's velocity vector which lies in the horizonta)l
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plane as shown in Figure 1. In conformance with the later discussion
which includes the effects of rotation of the earth and of vertical
satellite motion, the elevation angle (EL) is negative for a downward
looking line-of-sight (LOS).

A pulse doppler radar is able to mitigate the effects of clutter
by separating target and clutter in the doppler frequency domain through
the use of a large number of coherent pulses repeated in tine at a high
pulse repetition frequency (PRF). An incteusc in the PRF gives an
increase in the total doppler bandwidth surveyed. tn increase in the
number of pulses increases the power as well as the doppler resolution.
Pulse amplitude weighting on receive is utilized to suppress doppler side-
lobes associated with the coherent processing. The effect of a particular
clutter target depends upon the radar velocity, wavelength and the angle
of the clutter from the antenna boresight. Since returns from clutter are
w2 ighted by the antenna pattern, improvement in clutter rejection can be
obtained by narrowing the antenna beam. This technicue not anly realizes
less overall clutter power but also decreases the spect-al spread of the
clutter contribution by selectively removing returns from high off-axis
angles.

A quadratic phase shift applied on a pulse-to-pulse basis can be
implemented in order to mitigate the spread in the main bean c¢lutter
signal due to ambiguous range returns (Reference 2). Quadratic phase
shift processing (QPSP) is discussed in detail in Section 4. Improvement
in clutter rejection can be large and depends upon the S8R look angle and
the relative importance of platform motion on the clutter spectral widih,

Another technique for raducing platform mdtion caused Jdoppler
spresd which is not investigated here is the use ov displaced phase center
antenna: (Skolnik, Reference 4; Xnepp and Dana, Raference 5).
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Figure 1. Clutter calculation geometry.
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SECTION 3
SEA CLUTTER REFLECTIVITY MODEL

Sea clutter is the radar echo received as a result of reflec-
tions from the sea's surface. The effective radar cross section (RCS) of
the sea echo may be predicted by taking the product of the sea reflectivi-
ty and the area that contributes to the echo strength., Sea clutter re-
flectivity is wusually reported in terms of the parameter op, the mean
radar cross section per unit area of i{lluminated surface. Thus, a value
of og = -30 dB corresponds to an average reflectivity of 10-3, gp is a
function of grazing angle (defined as the angle between the tangent to the
surface and the radar LNS), polarization, frequency, and sea state.

Because nf the wide range of SBR Yook angles of interest, 3 mo-
del of ¢y over the range of grazing angles from a few degrees up to normal
incidence is required. Data at high grazing angle is necessary to esti-
mate the sidelobe altitude return, although the SBR main beam would be
overwhelmed hy clutter at grazing angles greater than 50 or 60 degrees.
The model we have determined for oy is shown in Figure 2 as a function of
grazing angle at L-band (1.5 GHz). Two curves are shcwn, the high wind
(HW) and low wind (LW) models, with the difference in the two representing
the effect of heavy and light seas. respectively. The equations for this

model are

0 = 7.0+10° %4%°0 + 0,841 exp {-(n/2-¢)%/.0247}; W0 (1)

0g = 3.6010-%¢2° 72 4 2,810 exp {-(=/2-4)?/.0149}; LW  (2)

where ¢ is the grazing angle in radians, The first terms in the ahove are

the high wind, low wind modeis of Tomlinson® evaluated at L-band. He have
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Figure 2. Modeled sea reflectivity vs. grazing angle and wind

conditions at L-band. (From Tomlinson Reference 6
and Long Reference 7.)
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found them to provide a reasonable fit to reported data’,’ averaged over
- polarization and for grazing angles under about seventy degrees. The

I additional Gaussfan terms have been added to provide a closer fit to data
at high grazing angles.
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SECTION 4
MAIN BEAM CLUTTER MODEL

Implementation of the method outlined above requires calculation
of the mean power and doppler spectrum of the clutter signal. Temporarily
neglecting the effect of range ambiguities, the illuminated area depicted
in Figure 1 is defined in azimuth by the beamwidth and in elevation by the
smaller of the elevation beamwidth or pulse 1length. These angular
variations cause a doppler spread in the clutter signal through coupling
to the SBR platform motion in the doppler equation

2v
f = _Ii cos (EL) cos(AZ) (3)
2vS
AfAZ = n cos (EL) sin(AZ) aAZ (4)
2vs
b ey =--:- sin(EL) cos (AZ) aFL , (5)

Equation 3 gives the mean doppler frequency as a function of the antenna
geometry. Equations 4 and 5 give the 3dB spectral widths in azimuth and
elevation, respectively, In the above equations

BA7 = 3 dB two-way azimuth beamwidth (AZ3)
Vg T satellite velocity

and

sEL = minimum (EL;.crctan(W)/ZR) (6)




-
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where

EL3 = 3 dB two-way elevation beamwidth
¢ = speed of light
T " compressed pulse length
R = slant range

Because of the high satellite velocities, the coupling between
beamwidth and platform motion is usually the most important effect in
determining doppler bandwidth. Since the antenna gain may be approximated
by a Gaussian dependence, the azimuth and elevation doppler spreads are
also Gaussian and their variances may be summed to yield a net spectral
spread due to beamwidth effects

2. . 2 2
% = %z * %L (7)

where the standard deviations are related to the 3 dB spectral widths by

o 42 81, (8)

A7

i

o]

fL .42 AfEL . (9)

Internal or wave motion of the sea also broadens the doppler
spectrum. Many measurements of sea clutter have yielded a Gaussian spec-
trum whose spread is related to the internal velocity spectral width of
sea clutter, 9, 35

(10)

This author is not aware of a good data base to predict values of 9,

that are applicable to the large illuminated areas viewed by an SBR.
Existing measurements of the mear doppler shift and spectral spread util-
ize the smaller resolution cells of airborne and ground based radars,




A s ®

s B RPN e

Figures 3 and 4 show data for the spread, o, and mean shifts respectively
as a function of sea state. Typical high wind values for the spread and
mean velocities are seen to be about 1 m/sec and 3 m/sec, respectively.
Roughly speaking, for an SBR the mean shifts will be converted to a spec-
trum spread through the integration of a large number of smaller sized
cells. Thus we can estimate an internal velocity spread of 3 or 4 m/sec
for sea clutter viewed by an SBR. These numbers are consistent with the
value of 5 m/sec suggested by Tomlinson®. The accuracy of this estimate

will be improved as SBR measurement data becomes available,

Combining the effects of platform motion and internal motion
yields a net doppler variance given by

02:')24'02. (11)

We now consider the effects of ambiguous range returns, Figure
52 depicts the illuminated areas associated with the ambiguous range
returns for a particular range bin. Doppler spectra are associated with
the signal power returned from each one of these ambiguous clutter returns
as discussed abnve. The signal voltage for this range bin is the sum of
the signal voltages from the ambiguous returns. In the following we will
refer to this simply as the sum voltage and to its doppler spectrum as the
sum spectrum, Rather than generate statistical signal samples represent-
ing each ambiguous return and perform this sum directly, here we analyti-
cally compute the sum spectrum so that only the sum voltage requires

statistical sampling on a pulse-to-pulse hasis.

Returning again tn the individual spectra of the amhiguous
returns, we nnte that bhecause of the dependence of elevation angle on

range and also the deperdence of doppler frequency on elevation angle, the

rean doppler or center freguency of these spectra will vary over the
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Figure 3. Variation of spectral spread for coherently detected
sea clutter signals. (Data from Hicks et al.,
Kovaly et al., Currey, and Pidgeon, References 8-12).
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Figure 5a. Main beam footprint showing the illuminated areas
of ambiguous range returns,
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Figures 5b. Doppler spectra of the ambiquous returns with
quadradic phase shift processing.




amb iguous returns. There exists a signal processing technique, QPSP, that
can eliminate this doopler shift between anbigunus range returns. An
explanation of how QPSP can be implemented will be given at the end of
this section. For now we assume that QPSP can mitigate the doppler shifts
between ambiguous returns as stated, and continue to investigate the

properties of the sum signal.

Without QPSP the doppler spectral width of the sun siqnal due to .r '
o R SELL
ambiguous returns is determined by the antenna elevation beamwidth, since s

the center frequencies of the anbiguous returns vary with elevation ﬁ_‘l-_i_f:.__ l-_i:
angle. Since the individual spectra are independent, the net power is the 'j,:'.i e
sun of the individual powers of all the anbiquous returns, "' —

With optinmm inplementation of QPSP, the spectra of the ambigu-
ous returns have identical center frequencies as shown in Fiqure 5b. For
this case the net power is still the sun of the individual powers, but the
doppler spread of the sun signal is the sane as that computed for one
anbiguous return, This may be seen in the following,

i The autocorrelation of the voltage from the k'th anbiquous

return nay be expressed as

' R, (1) = P R{ 1) 2 .

; Lo KRo (12) -

| = x () xp(te o) (13) s
. k k N
. where :
: Pk = medn power of the k'tn return

o

! 4 F voltage of the k'tn return

.‘ . . - .

/ This formulition 15 an explicit statement that the shape of the individual

. sprctra are idantical and hence the shape of the autacorrelatinon functions

-
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are also identical since the antenna azimuth heamwidth is approximately
constant over the antenna main lobe. The Py's are not all equal since
they depend on the antenna elevation gain which varies with ambiguous
range. The autocorrelation of the sum signal from the combined ambhiguous
returns is then '

(1) = <2 x () x (E+0) D (14)

< % () x: (t+1)> - (15)

since the ambiguous returns are independent. Making use of Equations 12
and 13, the autocorrelation of the sum voltage with QPSP may be expressed
as '

(16)

Since the shape of the autocorrelation function given by Equation 16 is
the séﬁe as that of the individual autocorrelation function, the shape of
the sun spectrum will be the sane as that of the individual spectrum.
Therefore our modeling assumption is verified.

We now list the algorithms and equations needed to implement
the above formulation.

4.1 MAIN BEAM CLUTTER POWER IN THE M'TH.RANGE BIN

e T

In this subsection an expression is given for ulhe clutter
contribution to the power received in the m'th rang2 bin from all clutter
sources within the footprint of the main bean. Several prerequisite
calculations, are first performed. '
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The range to the center of the main beam footprint is given by

R, = - (rg+h) sin(ELo) - Ar#h) 2 sin¥ELg) - (2reh+n?)  (17)

where
ro = earth's radius
h = satellite altitude
EL, = elevation angle of the LOS .

The grazing angle at the footprint center is

v = sin-t 10 (1ens2rg) - Rel
[Re 2rof
and the change in range over the elevation beamwidth is

AREL = 2R [sin(?9%) sin(ELy2) )/ {cos(FL3)- cos (2¥)}  (19)

The minimum and maximum ranqes to the footprint are

Roin = R~ AREL/Z (20)

R = R_+ MR, /2 (21)

max c EL
The unambiguous range interval is

], * c/(2+PRF) (22)

where PRF is the pulse repetition frequency. The number of range bins in

an unambiguous ranqe interval is then

M o= ra
; Ra r (23)
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where &r 1is the range bin size avd is determined by the radar video
sanpling rate. The range bin index for range Rpjp is

) ....,_”_J
LI . .9 . ' a e . . .
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'
.= 1 ., R_JIM/R (24
Tmin NT {(MOD[Rm1n a]) / a} (24)
- where MOD(x,y) is equal to the remainder of the division x/y, and INT(x)
”j is equal to the largest integer whose magnitude does not exceed x.
.i The minimun range contributing to the m'th range bin
; ) = + (m- oy, mo>m . S
o me Rmin \m mmin) s 2 Main (25) e
:;
e = + (M4m-m . JAr; < . B
- RmO Rmin (#em mm1n) S Min (26)
We can now determine if the range bin of interest (i.e., the ;
ii bin with bin index m) is illuminated by the main bean, If Pmn is
e greater than R34, the wmain beam does not return any lutter in bhin
O
- nunber n. [f Kwmn is less than or equal to Ryzx there will be one or
ﬁ: more anbiguous returns in bin m. 1f the number of ambiquous range returns
ii is small, this method does not transition smoothly with respect to bins
just inside and outside the beam footprint. If de<ired, the transition o
;f miy be made mors accurate by considering the fraction of the transmitted o
- pulse which overlaps the footprint. ;:ﬂ
¥ ’
o= The nunmber of contributing amhiguous range returns is B
o= INT o . 2
X = INT{ aFL/Ra) (27)
e The range, grazing angle, and eclevation angle to the k'th ambiquous area
;: that contributas to the m'th range bin are given by Z;ﬁfﬂ&
7. et
i: Rog = Ry * #R, (28
24
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v, =sin-t) (l + .h__)- ﬂk_,l (29)

(30)

The illuminated area for the k'th ambiguous range and m'th range bin is

given by
Rk 2 EL R
n 'mk Imk
( . .
A = =-=— EL3AZ3csc\wmk) . tan (lbmk) > I = (31)
4 c 1t /2
o
ct FL AR
Ak~ Rmk AZ, - sec( wm.() : tan H’ﬂnk) < K (32)
2 ' ' C TC/?.

where T tim2 duration of the received compressed pulse.

The mean RCS for this area is

R : .4 :
S = ool ) = (33)

where oy is avaluated uwsing Equation 1 or 2. The mean power for the m'th

range bin is then given by the sun of the power from the contributing

areds
p’)\z tt .‘::1 ) .
P - el G0, Lo FLo) Rcs:nk/Rmk . {(34)
(4nY 1 k=0
where 'Dt = transnitted power
5 = antenna 2-way power Jain,

7y = btime duration of the tronemitted pulse.
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We wish to remark at this time that the above algorithmns are
valid in a statistical sense only. While we have decided deterministical~
1y whether a particular range bin is illuminated by the main beam, we have
neglected to account for certain effects such as atmospheric refraction
which would cause an offset in range bin position relative to the main
beam footprint. In support of this approach, we note that one range bin
has no greater importance than any other as far as radar tracking perfor-
mance is concerned; we are concerned only with the statistical effect on
any one bhin,

4,2 MAIN BEAM DOPPLER CENTER FREQUENCY
(neglecting the earth's rotation)

Without implementation of QPSP, the mean doppler frequency of

the main beam clutter spectrum for the in'th range bin is given by

fo = E;E cos{ELm] cos(AZo) (35)
where
TS S (36)
moy k;O mk

is the average elevation angle of the ambiguous returns for the m'th range
bin, Equation 36 gives the elevation angle as the average over the
returns from the K ambiguous ground areas that arrive simultaneously to

contribute to the m'th range bin,

With QPS? the mean frequency of the ambiguous returns depends
upon the pulse to which the inverse phase processing is matched. For
modeling purposes the exact value is not important and as a convention we
let

2v

fm = o cosiElpgg! cosiAZy) . (37}
A
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4.3 WAIN BEAM DOPPLcR SPREAD

(neglecting the earth's rotation)

The doppler standard deviation due to internal motion is given

by Equation 10 with o, nominally 4 m/sec,

Doppler standard deviations due to platform motion are given by

.84 vy

%7 = -.";_3 cos(ELo) sin(AZo) AZ, (38)
.84 Ve
o = N sin(ELo) cos(AZo) AEL (39)
where
BEL = Maximum (EL_ -EL_ |, c¥ tan(¥)/RR ) (30)

without QPSP, and

AEL = Minimum (EL,, crctan(¢)/2RC) (41)

with QPSP.

The net variance of the spectrum is obtained by summing the

variances due to platform motion and to internal motion (Equations 7 and

11).

4.4 DOPPLER EFFECTS INCLUDING THE EARTH'S ROTATION

Referring to Figures 6a and 6b, it is assumed that the
1ncation is given ir geocentric coordinates by

5

BR




SBR LOS

Tangent-plane 4/h
coordinate system

t SBR 1 i
at SBR location Point 2

Earth's surface
intersect

Point 1

Figure 6a. SBR and earth rotational velocities for doppler calculation.

Figure 6b.
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8, = SBR longitude (-m < 8y < )
¢y = SBR colatitude
h = SBR altitude

and that the azimuth, elevation angles of the SBR LOS are given in the x,
y, Z tangent plane coordinate system by

AZ = L0S azimuth
EL = LOS elevation (negative when looking down) .

The tangent-plane coordinate system is a cartesian coordinate
system with x directed to the east, y to the north, and z vertically.

We must first find the geocentric coordinates (9,,5,) of the LOS
intersection with the earth's surface.

The location of the intersection in the x', y', z' cartesian

coordinate system is given by

[R sin{g;) sin(EL) - R tan(0;) cos(EL) sin(AZ)

X2 =
- R cos(c,) cos(EL) cos(AZ) + (h+ry) sin(zy)]
/{cos{9,) + sin(0;) tan(0,)} (42)
y2' = R cos(EL) sin(AZ)/cos(0,) + tan(8;) x,° (43)

for ‘°1| < /4 or ’31, > 37/4 (case a) and by

!

y2' = {R sinl¢y) sin(EL) + R cot(2,) cos(EL) sin(AZ)
- R cos{¢y) cos(EL) cos(AZ) + (h+rg) sinic,}}
/{sin{3,) + cos{dg} cot {9, }} (44)

x;' = =R cos(EL) sin(AZ}/sin{d;) + cot{d, ) y," (45)




for n/4 < |61| < 37/4 (case b) where R is the slant range found
through Equation 17 and

2 = {ro? - (x2')? - (y2' 2112 . (46)

The geocentric coordinates of the intersection point (6,,%2) are
then

8, = tan-!(yy'/xp" ) (47)

¢p = cos-Hzy'/ry) . (48)
4.5 MAIN BEAM DOPPLER CENTER FREQUENCY

The doppler frequency of a point on the earth's surface is

.2 T A
AREUERL (49)
where
Vg © satellite velocity vector
7; = earth's surface rotational velocity B
R = unit vector along the LOS. b
. . > .7- .
The satellite velocity vector in the X, ¥y, 2 coordinate system is assumed e

-~

to be known and is given by

Ve SVt Vo ¥ * Vg, (50)
R is found to be
R = sin(AZ) cas{EL)x + cos(AZ) cos(EL)x + sin(EL)£ . (51)
30
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In the geocentric coordinate system

Vo = 8o sin(g,)0 (52)

where we is the earth's radian frequency of rotation.

By transforming v to the x, y, z coordinate system th_ dot product fin
Equation 49 may be evaluated to obtain

2
o == Vel sin(z,) cos (6,-8,)) sin(AZ) cos(EL)
* (Vsy'“ero sin(¢z) cos()) s1n(8,-8,)) cos(AZ) cos(EL)
+ (v, tu.ro sin(zy) sin(c)) sin(8,-8,)) sin(EL)} .

(53)
4.6 MAIN BEAM DOPPER SPREAD

Doppler spread due to beamwidth effects may be found by taking
the deriative of Equation 49 with respect to AZ and EL.

g

a7 = +%2 |3fm/3AZ| AZj (54)

a

(L < 42 |8fm/3EL| AEL (55)

where AEL is given by Equation 40, without QPSP or by 41 if QPSP is

implemented.

Referring to Equations 53 and 42 through 48, fy depends
implicitly on AZ, EL through 8,, &, as well as explicitly. Expressing

fm in the form

fo- 2 |A sin(AZ) cos(EL) + B cos(AZ) cos(EL) + C sin(EL)} (56)
! A
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where

A = Vex T Y0 sin(g,) cos(6,-6)) (57)
B = Vy T el0 sin(g,) cos(z,)sin(e,-0,) (58)
C=v,,+@r sin(gz) sin(z;) sin(8,-9,) (59)

The doppler spread due to azimuth beamwidth is

_ -84 AZ, |

Op7 = ——--1 (A cos(AZ) cos(EL) - B sin(AZ) cos(EL) + sin(A2) cos(EL)
A

. _ ' o
*]-w rgcos(s;) cos(0,-6;) ffz +arg sin(g,) s1n(02-61).3.2]
€ Az anz

- cos(AZ) cos(EL).[;.,er0 cos(z,) cos(g,) sin(6,-0,) 252
A2

' 6 )
+wrgsin(sy) cos(g)) cos(6,-9)) 3—3] + sin(EL)
e Az

“[er0 cos(cy) sin{z,) sin(e,-8,) 252
€ A7

*wrgsingg,) sin(g,) cos(6,-9,) Efﬁ]) . (60)
) nz] |

The doppler spread Adue to elevation heamwidth is

o, = 20 fEL :-A sin(AZ) sin(EL) - B cos(AZ) sin(EL) + C cos(EL)
- A

t sin(A2) cos(EL)-[-w ro cosig,) cos 8,-8) ) 352
€ JEL

L . a6
Ywrg Sinigy ) singe,-0,; 222 o cos(AZ) cos(EL)
€ oF L
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-[w ro cos(cy) cos (&) sin(e,-0,) 252
¢ *EL

+ wrg sin(g,) cos(c;) cos(65-8,) 33%] + sin(EL)
e aEL

2

AL

+ wrg sin(z,) sin(zg,) cos(ez-el)_a_ez.ﬂ . (61)
e 3EL

‘[“’e"o cos(&z) sin(s,) sin(8,-9,)

The partial derivatives of 8,, ¢, may be found from Equations 47 and 48

Wal oy, iz'l
20, _ 1 YKy (62)
LY U O VXD L IR L PAB L

.. 96
and similarly for ~2

3L
xo'.a§3'+ ¥ o
35, Y.V nz

2%z . (63)
AL Yol 2' m

and similarly for %2 .
3EL

The renaining chore is to solve for the partial derivatives of
X', y2' using Fquations 42 through 46. First we ohtain the derivatives
with respect tn azimuth, For case a we have

3 x ' £ hY s
LI rani9;) cns{fL) cos(Al) + R cosify) cos{FL) cin(AZ)!
3A7

Heee (e,

\
is

# sin{n, ! tan g} (64)

i
W
s =
SN :
Coae sl -

.
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a J
Y2 R cos(EL) cos(AZ)/cos(e,) + tane;, _— (65)
Az

AL

and for case b

izfl = R cot(8,) cos(EL) cos{AZ) + R cos(¢;) cos(EL) sin(AZ)}
Az
/{sin(81) + cos(8y) cot(8,)} (66)
1] a 1]
313_ = -R cos(EL) cos(AZ)/sin(el) + cot(el -Zf— . (67)
3AZ A2

For the derivative with respect to elevation we first need

aR
atL

= -{ro+th) cos(EL) - {ro*h)? sin(EL) cos(EL)

/17r0+h)2 sinZ(€EL) - (Zr(p+h2) . (68)

The elavation derivatives are then given for case a by

?{El = {cos(9,;) + sin(0;) tan(8;)}-?
eEL
. 3;§f fsin{z1) sin(cL) - tan(0,) cos(EL) sin(A2)
- cos(g;) cos(EL) cos(AZ) ] + Rsin{&;) cos(EL)
+ tan(e;) sin(fL) sin(AZ) + cos(g;) sin(EL) cos(AZ)]}
(69)
;gél = sec(81)*{3R/¥L cos(FL) sin(AZ) - R sin(FL) sin(AZ)}
(70)
34




and for case b by

a. (]
_éf_ = {sin(e,) + cos(el) cot(el)}'l
ofL

'E%%E [sin(z,) sin(EL) + cot(e,) cos(EL) sin(AZ)

- cos(&;) cos(EL) cos(AZ) ] + R{sin(c;) cos(EL)

- cot(e,) sin(EL) sin(AZ) + cos(c,) sin(EL) cos(AZ)])
(71)

EEZL = csc(el)-}-'jg— cos(EL) sin(AZ) + R sin(FL) sin(AZ)}
L JEL
(72)

In summary, these algorithms may be used tc find the doppler
spreads by first calculating 9R/¥*L and then the partial derivatives of
x2' and y,' with respect to AZ and EL. With these quantities the partial

| derivatives of 8,, 5, with respect to A7, EL may be computed and then used
to solve for the doppler spread through Equations 54 and 55.

Practically speaking, it is probably computationally less

f burdensome to solve for the doppler spreads hy differencing Equation %3
. over the beamwidths, although this approach does require solving for the
. four earth intersection points which define the mainbeam footprint. Before

: choosing either method, the accuracy and computational efficiency of each
i should be compared. For low altitude orhits the simpler equations derived
E without inclusion of the earth's rotational effects are approximately
. correct and may be utilized.
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4.7 QUADRATIC PHASE SHIFT PROCESSING (QPSP)

The purpose of QPSP is to reduce the doppier spread of the main
beam clutter spectrum by compensating for the shift in doppler center

. frequencies of the ambiguous range returns. Modeling the doppler spread
T with or without QPSP was discussed earlier in this section. We now
I. describe the basis for the signal processing involved in QPSP.

In this technique the phase is shifted quadratically in one

- direction as a function of pulse number on transmit, and in the opposite
t direction on receive. We assume that a phase shift modulation

-

- s en2

5 b, = €p (73)

i i5 imnlemented on a pulse-to-pulse basis within a sequence of transmitted
il pulses where p is pulse number. On receive, the range-gated signal may
- contain main beam ¢lutter power returned from one or more of the trans-

mitted pulses. When there is more than one contributing pulse, these
multiple and simultaneously received pulses are called ambigquous range
returns, We use the index k once aqgain to designate the ambiguous range

number, with k increasing with increasing range, and choose a time

S reference such that the sampling time when the p'th pulse is the zeroth

j? ambiquous return is pT. As an example, in Figure 7 we show the relation
' of pulse number to ambiguous range index and sampling time for the case

that there are five contributing ambiquous returns. Then the phase on the
k'th ambiquous return at time pT is given by

by (PTK) = e(p-k) 2 . (74)

We assume that a quadratic phase shift of the opposite sign is applied on

receive

o (PT,k) = -e(p-4p)? {75)

36

..........................................

PIRA

. .
...........
......




*xaput abuea snonbyqure

pue awi3 but|dues SNSJaA Jagunu ¥sind °/ aanbig
owt |
101 45
< s - 4 } - + -+ ¢ o 0 0
[ L ] L J ® [ ] ® L] AVH
. /
[ L J [ ] [ ] [ 4 [ ] [} L..N
L ] ® [ ) [ ] [ Y [ +£
) . * ° . ° . L.v
9 S vt 2 1 0 =d ,
Y
r—— - . e D . Tee commmmw ol , . ISEAEAY RSN Rt e

[REY

(%) xapuy abues snonbyquy

.-....,..‘.”!b




i DO R

where the offset &p reflects the fact that the inverse phase shift ;i.‘.
processing in general may not be matched to that of the transmitted phase BN
modulation. ;x;.
.
The net phase modulation on the k'th ambiguous return at time pl }fj
is then R
¢net(pT’k) = e(k?-np+2psp-2pk ) (76) ’ _
and the doppler shift of the k'th ambiguous return is then
d¢net(p',k) .
Af(k) = v e = efp/nT - ek/AT (77)
2n  do7 -
QPSP is seen to impose a frequency shift that varies linearly with ambigu-
ous range index. -
The doppler shift of the k'th ambiguuus return due to the eleva-
tion angle difference is given by
2y_ :
e (k) = x_ sin(ELg) cos(AZy) AEL (k) (78)
vhere ;!__“
BEL(K) = R k tan(wo]/Rc (79) D
For ease of interpretation we have used the e:pression for Afg_ neglecting &':
the earth's rotational effects. For the frequency shift from »rocessing e
to cancel that due to amhiguous range we require
AfEL(k) = -ck/rT (80) .L"




since the first term in Equation 77 1is a frequency offset which is
' constant with respect to ambiguous range. Using Equations 78 and 79 to
. solve Equation 77 for € we obtain

€ = -2my R T sin(ELg) cos(AZp) tan(wo]/ARc . (81)

If we had used the expression for Afg_ that accounted for the
! earth's rotational effects in the above derivation, € would still have
N been calculable in the same manner.

In summary, QPSP has been shown to be an effective technique for

L. e

mitigating the doppler shift of ambiguous returns. This has the desirable
result of increasing the clutter free doppler bandwidth available to a
pulse doppler radar. When applied in an optimum sense it requires imple-
mentation as a function of look angle.
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SECTION 5
SIDELOBE CLUTTER MODEL

This section is devoted to the calculation of the clutter power
spectrum that is caused by returns from outside the main beam footprint.
Because of an SBR's large field of view, the clutter signal received
through the antenna sidelobes will contain multiple ambiguous range
returns. The illuminated area for the sidelobe return in a given range
bin is a series of annular rings corresponding to the pulse length limited
areas of the ambiguous returns. Mean power of the sidelobe return may be
taken to be the same for all range bins, since the ambiguous returrs for
different bins will sample essentially the same area) portion of the
earth's surface,

To calculate the mean power we must sum the power contributions
from the amhiquous returns, [t is desirable to estimate the range at
which the power returned becomes negligible so that the number of
amb iguous returns to be summed may te reduced accordingly. The power per
ambiguous return falls off at least as fast as the reflectivity function
0g- By referring to Figure 3 we see that for both the HW and LW models
op has decreased by more than 20 dB from its peak value at a grazing angle

of 50 degrees. The range at which this occurs is given by

Teg = Tosin(50°) + rZsin?(50%) + (2rgh+h?) . (82)
Thus, we nerd only consider returns for ranges less than RSO' As an Ex-

ample, for a low altitude (1400nm) orbit and a PRF less than 10 KHz, fewer
than 17 ambiguous returns are important for calculation of the required

power,

AN -...-...-. .
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The doppler spectrum of the sidelobe clutter return is not amen-
able to simple analytic treatment. For the special case of low altitude
orbits of primary concern here, the clutter spectral bandwidth will be
shown to be wider than the PRF. In addition, the sidelobe clutter may be
treated as being uncorrelated on a pulse-to-pulse basis.

The doppler spectral bandwidth is dominated by the coupling
between platform motion and the antenna beamwidth. Since the sidelobe
gain may be assumed to be omidirectional, the beamwidth of interest is
defined by the angular section of the earth's surface contributing to the
sidelobe return as viewed by the SBR, Referring to Figure 8, the doppler
shifts of a return from a grazing angle V¥ are given by

af ( ¥)
&f o( ¥)

2 V¢ro cos( ¥)/ A(rgth) (83)
2 ve cos(¥)/A (84)

where 8fc(4) and Af,(¥) are the shifts due to satellite and earth motion,
respectively. The SBR orbit is assumed to be circular. These are the
shifts when the satellite and earth's surface velocity vectors uare
coplanar witn the LOS and the nadir point so that they are the maximum
shifts for a given grazing angle.

Relying once again on consideration of the sea raflectivity as a
function of grazing angle, it is seen that the principle contribution to
the sidelobe return results from grazing angles of 80 degrees and
larger. lUsing the doppler snifts for a grazing angle of 30 degrees to
estimate the spectral width, the minimun spectral width occurs when the
satellite and earth motion shifts subtract and is givan by

cunin = Af5(80°) - Afe(80’)| . (85)

Fiqure 9 shows the doppler shifts predicted by fquations 83 and 84 for a
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grazing angle of 80 degrees as a function of orbit altitude. Also shown on
the figure is the one sided spectral width Onin® We note that the two
sided spectral width is greater than 10 KHz for orbit altitudes less then
=5,000 kilometers (~2,700 nm). Since we are primarily interested in this
range of orhits and for PRFs equal to about 10 KHz and smaller, the
sidelobe return may be modeled as a flat spectrum, similar to additive
white noise,

§.1 SIDELOBE CLUTTER POWER IN THE M'TH RANGE BIN

The number of ambiguous range returns considered is

ey = iNT‘(R

J
oL (PSR (86)

where Rg( is ohtained through Equation 82.

The range, grazing anqle, and illuminated area of the k'th
ambiguous return are given by

R, = h+ (k-1) - Ra (87)
¢ = sin-1} 'l.‘(l 0oy R ' (88)
k R, [ 2r, 2r,

Ak = Nlc¢ T Rk (89)

The mean power of the k'th return is

P 226
P e o (9
Pk T emeig el - (9n)
64 1 Rk
where G%L is the average two-way antenna sidelobe gain,

The mean power in any range hin is then given by
KSL°1
Py . (91)

L
r=0
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APPENDIX

A STATISTICAL SIGNAL GENERATION TECHNIQUE
FOR REALIZING THE SAMPLE CLUTTER VOLYAGE
(D. L. Xnepp)

In this appendix, a numerical technique is descrited to generate
realizations or sampie functions of the video clutter volitage received by a
pulse doppler SBR. The goal of this technique is to generate the two quad-
rature components of the clutter signal as received at a sinqle range gate
for all the pulses of a coherent pulse train or coherent dwell. Jt will be
shown that this technique requires knowledge of the mean clutter spectrum
and depends upon the observation that the clutter voltage has a Gaussian
probability distribution with uncorrelated quadrature components. An iden-
tical statistical signal technique is used by Knepp! to generate realiza-
tions of the phase for a multiple phase screen propagation simulation.

Assune that there are N pulses oer coherent pulse train separ-
ated in time by the quantity T so that the pulse repetition frequency (PRF)
is 1/T. As will be shown, the clutter voltage c(nT), is generated from
initia) knowledge of its mean power spectrum. 1In continuous notation, the
clutter voltage may be written as the Fourier transform

c(t) = ! clwe “tdu (A-1)

1. "Multiple Phase-Screen Calculation of the Temporal Behavior of Stochas-
tic Waves," Proc, ITEFE, Vol. 71, No. 6, po. 722-737, June 1983,




In the discrete* case, Equation A-1 is written as

N-1 . .
o(aT) = Clmoe)e 2™MN 5y ns0, ... N-1 (A-2)
m=

Now if the Fourier transform of the clutter spectrun was available, a
clutter voltage realizaetion could be easily generated by using Equation
| A-2. For the moment let us choose as the Fourier transform the quantity

Clmaw) = rmiC(maw)NT/2n ]/ 2 (A-3)

' where C(maAw) represents discrete values of the known desired mean clutter
power spectrum. In the following it 1is proven that this choice is
correct. Here Aw = 2%/NT, NT is the time duration of the dwell, and
therefore Taw = 2u/N, m is a complex number given as the sum of two inde-

l pendent Gaussian random varijables with zero mean and variances of unity.
rm = /72 (9w + igam) (A-4)

Successive values of g, and 3o, may be ohtained numerically by sampling
from a pseudo-random sequence of numbers with a Gaussian distribution. The
factor of v1/2 is included so that

- *

" <Ma'n”> = Spn (A-5)

N where &qn is the Kroneker delta function. It is apparent that with the

: above choice for ry, c(nT) is the sum of a sequence of Gaussian variates

5 T

2 * In this appendix all discrete sums are taken over a range of the index o
o from 0 to N-1. Al
e
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and thus its real and imaginary parts (i.e., its quadrature components)
both have a Gaussian or normal probability distribution.

In order to prove the validity of the choice of Equation A-3 to
give a realization of the clutter video voltage it 1is convenient to
calculate the discrete autocorrelation function. Under the ergodic
hypothesis, ensemble averages or expectations of random fields may be
replaced by spatial averages. Thus the clutter autocorrelation function

may be written

Be(z) = <c(t+g)e*(t)>
L
= — [ c{t+g)c*(t)dt (A-6)
NT o

In the discrete case of interest here
l *
= -7
BC(kT) ﬁf ; c(nT+kT)c (nT)T (A )

Now the Fourier transform of ¢ and c* given by combining Equations A-2 and

A-3 may be used in Equation A-7 to chtain

B (kT) =1V ¥ T (NT/2n) [C(mbw)C*(m*Aw)]!/?
c NTn m m
X Pufn' e1'2nm(n+k)/N e-ian n/NszT (A-3)
Now
v e1'2nmn/N e-ian'n/N - NSmm‘ (A-9)

n
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So that Equation A-8 becomes
Be(kT) = 1 Clmaw)e ZTK/N 112 a (A-10)

A comparison of the above equation to the continuous relationship between
power spectrum and autocorrelation function as given by

8.(t) =_| C(uwe' “*du (A-11)

shows that the power spectrum of the numerically generated clutter voltage
is C(mAw)|rm|2. It is apparent that different values of the index m corre-
spond to different radian frequency components of the power spectrum.
Since |rm|2 is the sum of the squares of two Gaussian variates, each of the
Fourier components of the power spectrum of an individual clutter realiza-
tion is a chi-squared variate with two degrees of freedom and a mean value
of C(mdw). Thus for any given clutter realization, the power spectrum will
not, in general, be identical to the desired spectrum. However, the aver-
age power spectrun of many such clutter voltage realizations may be ob-
tained by taking the expected value of Equation A-10. Since <|rm|2> =1

iank/NAw

AVG[BC(kT)] 2 ’; C(maw)e (A-12)

which may be compared to Equation A-11. Therefore the average spectrum
obtained from many clutter voltage realizations is the desired power
spectrum, C(maw), and Equiation A-3 is correct.
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